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Introduction
Because of the property of high specific power, high specific energy density, long cycle life, low self-discharge rate and high discharge voltage, the lithium-ion batteries have been widely used in developing the clean energy transportation and had become a prime power source solution for battery electric vehicles and hybrid electric vehicles [1] . During charging and discharging cycles the lithium-ion batteries will be overheated due to the heat generation which cannot be dissipated to the environment timely. And the performances, safety and service life will all be greatly affected [2] .
As the large-scale battery packs are consist of many cells connected in series or parallel, the maximum temperature difference between cells in a module may lead to a premature failure of the whole pack [3] . Battery thermal management (BTM ) system is therefore required to help the battery operate at a desirable working temperature at all times. The BTM system includes air cooling system, phase change material (PCM) based cooling system and liquid cooling system. As different part of pouch lithium-ion battery has different heat generation during the discharging, the non-uniformity of the temperature distribution increase with time, especially in the large capacity battery [4] . The BTM system combining different cooling manners makes better cooling performance, compared with the BTM system with single cooling manner [5] .
As the PCM has a large latent heat and appropriate melting point, it can store/release large amounts of heat during the melting/solidifying process. So the PCM is used in the BTM system to give rise to a relatively constant temperature of the battery system. The heat generated by the battery was absorbed by PCM and then removed by the ambient air which is contact with the battery case. PCM eliminates the need for active cooling/heating during the majority of operating time because it delays the temperature rise when the ambient is cold and maintains the battery below ambient during hot days [6] . The wax was used as the PCM, as first proposed by Al-Hallaj and Selman [7, 8] .The effects of PCM on square lithium-ion battery was investigated and the results indicated that PCM could improve the uniformity of temperature distribution and keep battery in safe temperature range [9] . Kizilel et al.
investigated small format cells surrounded by a wax composite material of expanded graphite and wax and they pointed that the latent heat of the wax could help prevent a propagating failure [10] . Unfortunately, one of the most important bottlenecks that limit the applications of PCM on BTM system is that the thermal conductivity is poor.
This can lead to big thermal gradient of the battery pack. So many approaches were used to solve the conflict between large heat storage capacity and low thermal conductivity. Such as, combining the PCM with porous materials [11] ; adding high thermal conductivity substances in paraffin [12] ; developing PCM based BTM system with metal finned structure [13] ; and add a metal matrix into PCM. However, the thermal conductivity increases at the cost of decreasing latent heat, which determined storage capacity. The appropriate ratio of thermal conductivity between PCM and battery is necessary, so as to achieve a good cooling performance and decrease the mass and volume. W.Q. Li et al. [14] designed a sandwiched cooling structure using copper metal form saturated with PCM.
The composited PCM presented a much better cooling effect compared to pure PCM. Rao investigated the effect of PCM phase change temperature on thermal management. They pointed out that if the melting point is below 318.15
K, it will be conductive to heat diffusion [15] .Jiang et al. [16] fount that the PCM-based BTM system showed better performance than the forced convection BTM system under the same condition and the PCM was able to control the temperature of the pack during the melting process.
Compared with other PCM, liquid has higher thermal conductivity which leads to higher cooling performance and is more suitable for large-scale battery pack. Liquid cooling can well decrease the maximum temperature and the maximum temperature difference during the charging and discharging process. Nelson et al. [17] compared different cooling system for lithium-ion batteries. The results showed that the liquid cooling effect was more effective than other cooling manner. Higher heat transfer coefficient of water enables cold-plate to effectively remove a large amount of heat from the batteries in the liquid cooling system. Chen et al. [18] found that an indirect liquid cooling system had the lowest maximum temperature rise, and was more practical than direct liquid cooling.
Zhao et al. [19] designed a mini-channel liquid cooled cylinder to cool the cylindrical battery. The results showed that the maximum temperature was no more than 40 ℃, as the number of mini-channel was no less than four and the inlet mass flow rate was 1×10 -3 kgs -1
. An oblique liquid cold plate was designed by Jin et al. [20] The results
showed that the oblique mini-channel could get higher heat transfer coefficient than conventional straight mini-channel. Huo et al. [21] designed a mini-channel cold-plate based BTM system. The results showed that the maximum temperature of pack decreased with the increase of the channel number and inlet mass flow rate. Panchal et al. [22] designed and optimized the battery systems with mini-channel cold plates placed on the prismatic lithium-ion battery cell. The experiment and simulation result showed that the cold plates displayed a good cooling performance. Zhen et al. [23] concluded that the mini-channel cold-plate BTM system provided good cooling efficiency in controlling the battery temperature at 5C discharging. A 5-channel cold-plate was enough and the temperature could be evidently reduced by increasing the inlet mass flow rate. Panchal et al. [24] used cold plate approach with the indirect liquid cooling method to cool the pouch lithium-ion battery at 1 C, 2 C, 3 C and 4 C discharging rates and different environment temperature. Liu et al. [25] researched the thermal behaviors in lithium-ion batteries. The results showed that different cooling methods should be adopted under different ambient temperature conditions. They concluded that the liquid cooling made the strongest cooling effect under a normal environment temperature condition and the Reynolds number influenced the effect of the liquid cooling performance greatly.
Rao et al. [26] investigated the thermal performance of PCM/mini-channel coupled BTM system. The mini-channel was set in the PCM to remove the heat and prevent the PCM lose efficacy. The maximum temperature could be reduced 14.8 K and this system presented more effective thermal performance and compared with the PCM based system. In their simulation the heat source of battery was uniform. Actually, the heat generation of different parts in battery is different. Such as the heat generation rate of near-electrode area was high.
And the temperature of near-electrode area of the battery was higher than other region, which made the non-uniformity of temperature. It is obvious that the difference about battery heat generation was not considered in their research. The employing of uniform heat source can lead to big error.
In conclusion, liquid cooling method can achieve the good cooling effect and PCM cooling method can acquire the most uniform temperature distribution. Considering the large heat storage capacity of the PCM and the excellent cooling effect of liquid cooling, we combined the PCM and the liquid cooling system to optimize the temperature field of lithium-ion battery module. The water cooling-plate was used to cool the near-electrode area with high heat generation rate. And the PCM was used to absorb the heat generated by other parts of battery. A 2-D heat source based on electro-thermal model was used to simulate the heat generation of pouch battery. The lithium-ion battery module with PCM/water cooling-plate was proposed and a three-dimensional thermal model was simulated. In this study, different influencing factors such as the height size of cooling plate, space between adjacent batteries, mass flow rate, flow direction, thermal conductivity and melting point of PCM were discussed in detail. And the 5 continuous charge-discharge cycles was used to research the effect of PCM/water cooling plate on preventing thermal runaway. The object of this study aimed to provide guidance for the thermal structure design of the lithium-ion battery module.
2． Model

Physical problem
The schematic of the module was shown clearly in Fig. 1 . It can be seen that the PCM and the water cooling-plate were filled into the gaps between the adjacent pouch batteries. The cooling plate was hollow and filled with liquid water. The battery, PCM and water cooling-plate were packed in the module shell. As the model was symmetrical, only 1/2 part of the module was simulated in this paper to shorten the simulation time. Heat generated from the battery transferred into the water cooling-plate and PCM through contact surface. Water removed the heat which was absorbed by the cooling plate. Inlet and outlet distributed on different sides of the cooling plate. Considering higher temperature in the near-electrode area and better cooling performance of cooling water, the cooling plate was set above the PCM. The thickness of the PCM and the water cooling-plate was equal to the space between adjacent batteries. The shell of cooling-plate was made of aluminum due to its high thermal conductivity and light weight. The thickness of aluminum was 0.5 mm. The physical sizes and thermal properties of the battery, PCM, aluminum used in this paper are summarized in Table 1 . The battery was discharged at rate of 2 C to study the performance and the discharging could last for 1800 s.
Considering heat generation is not uniform in the actual battery, non-uniform heat source based on electro-thermal model was used. The cooling water was assumed to be incompressible and laminar because the maximum Reynolds number was less than 2300 in this study. The inlet water temperature, the initial temperature of batteries and PCM, surrounding temperature were all equal which was set as 300 K. It is assumed that the properties of the PCM were constant and equal for both solid and liquid phases [27] . Thermal conductivity of battery in X-direction
Cathode material of battery -
Anode material of battery -LiFePo 4
Electrolyte of battery -LiPF 6 Specific heat of PCM 
Governing equations
For a pouch battery, the heat transfer should follow the energy conservation law:
where ρ b is density, λ b is thermal conductivity, T is temperature, t is time and q is heat source. q gen is the heat generations of battery. The heat generation is included:
where q j is joule heat, q p is irreversible electrochemical reaction heat and q r is the reversible entropic heat. In our previous work, we had developed an electro-thermal coupled model for pouch battery LiFePO4/C in normal discharging progress [28] . Non-uniformity of temperature distribution was simulated and the result was validated with experiment data. The non-uniform internal heat source based on 2D electro-thermal model was got and the simulated temperature cloud of pouch battery at the end of 2 C discharging was shown in Fig. 2 .
In the lithium-ion battery module, the heat generated in battery is absorbed by the PCM and removed by the cooling water, and then is taken away by the air.
The mass of the PCM can be derived by the equation as follows:
where T 1 and T 2 are the melting point and the initial temperature of PCM, respectively. q pcm represents the heat absorbed by the PCM and c pcm and L are specific heat and pure solvent melting heat of PCM, respectively.
The heat taken away by the cooling water is given as the following equation:
Here, Q w is the heat absorbed by water and T in and T out are the inlet and output temperatures of water, respectively.
A in is the inlet area of water in the cooling plate. T aver determined by T in and T out , is the average temperature of the water. µ w is the flow velocity of water. The values of ρ w and c w are the density and specific heat of water at T aver .
According to Newton's law of cooling, the boundary equations in each direction can be expressed as follows:
Where T 0 is the ambient temperature. X, Y and Z respectively denote the size of the module in different direction.
The λ is thermal conductivity of module shell, which is made by aluminum. h is the convective heat transfer coefficient that can be estimated as the following equation: 
Where Nu m is the Nusselt number, whose qualitative temperature is the arithmetic mean temperature of the boundary layer. Gr is Grashof number and the Δt is the difference of suface temperature and environment temperature. As the air is treat as ideal gas, the coefficient of cubical expansion α V is equal to 1/T and the T is the arithmetic mean temperature of the boundary layer. l is the characteristic length and g is the gravitational acceleration. υ is the viscosity of air and λ air is the thermal conductivity of air. Pr is the Prandtl number.
When the temperature of module shell is between 303 K and 313 K, the convective heat transfer coefficient is between 2.5 W·m error caused by h can be neglected.
The radiant heat transfer was not taken into account, as it was negligible.
As mentioned above, the PCM was used to absorb the heat generated by the low temperature area. As a part of PCM melt, the natural convection caused by gravity in the PCM during the melting process was less obvious.
What's more, it has been calculated that there is little difference in the temperature field, comparing the model without the gravity and the model deal with the gravity. Therefore, the effect of the gravity was neglected and it is a problem of pure heat conduction during the melting process of PCM. The energy conservation equation in PCM can be seen as the following equation:
where ρ, H and λ are the density, enthalpy and thermal conductivity of PCM.
The water was selected as the cooling medium in the lithium-ion battery module. The energy conservation equation of liquid water within the cooling-plate is as follows:
The momentum conservation equation of cooling water is given as follows:
The continuity equation of the cooling water in the cooling plate is derived from follows:
where ρ w and c w are density and specific heat of liquid water, respectively. T w represents the temperature of the water,  represents the velocity vector of water in cooling plate, and P is the static pressure.
Results and discussion
The height size of cooling plate, space between adjacent batteries, mass flow rate, and flow direction in water cooling-plate have significant effects on the cooling performance. So these four variables were studied. Besides, the effect of thermal conductivity and the melting point of PCM were simulated. The cooling performance was depicted by maximum temperature and maximum temperature difference which represented temperature uniformity.
And the pressure drop of different signs was calculated, which indicated the energy consumption. At last the 5 continuous charge-discharge cycles was used to research the effect of PCM/water cooling plate on preventing the emergence of thermal runaway.
Effect of height of cooling plate
The height of cooling plate was changed from 2 cm to 7 cm in this section. The inlet mass flow rate was set as 1
×10
-3 kg·s -1
. The space of adjacent batteries was 4 mm. Fig. 3 (a) shows the maximum temperature, minimum temperature and maximum temperature difference in the pack under different height of cooling plate at the end of 2 C discharging. It can be seen that the maximum temperature of the pack increased firstly then decreased to minimum value and increased again to a relative stability index taking a "saddle pattern" when the height of cooling plate increased from 2 cm to 7 cm. When the height was 5 cm, the maximum temperature was 312.36 K.
The minimum temperature of the module was almost unchanged and the variation trend of maximum temperature difference was the same with that of maximum temperature. As the height of cooling plate increased from 2 cm to 3 cm, the cross-sectional flow area of cooling water increased and the velocity of water decreased with the same mass flow rate. As a result, the coefficient of heat transfer decreased. And that would lead to the increase of maximum temperature. In this progress, the velocity of water played a leading role. As the height of cooling plate increased from 3 cm to 5 cm, the velocity of water and the coefficient of heat transfer reduced but the water-cooling area was enlarged. The thermal heat dissipation was improved and the maximum temperature decreased. In this progress, the water-cooling area played a leading role. As the height of cooling plate increased to 7 cm continually, the cooling performance of high heat generation area decreased, which made the maximum temperature recover. The Fig. 3 (b) shows the temperature profile along the center line of cell and PCM close to the battery with different cooling plate height size at the end of 2 C discharging, as well as the temperature of center line of battery interior. It indicated that cooling plate with 5 cm in height performed better on improving the temperature uniformity along Y direction. The pressure drop is shown in Table 2 . The result indicates that the pressure drop was affected obviously by the height size of cooling plate. When height size of cooling plate changed from 2 cm to 7 cm, pressure drop decreased 49.5%. As the height of cooling plate increased, the velocity of water in the plate decreased. And the frictional resistance decreased, which reduced the pressure drop of each cooling plates and energy consumption. But the downtrend of pressure drop was decelerated, when the height of cooling plate exceeded 5 cm. The cooling performance was good as the height of cooling plate is 4 cm or 5 cm. Increase of the height led to increase of weight but lower pressure drop. Taking the above three factors into consideration, a 5 cm cooling plate in height is enough. So, in the following study, the 5cm high cooling plate was chosen.
Effect of space between adjacent batteries
(a) (b) The PCM and cooling plate was set between adjacent batteries, whose thickness was decided by the space between adjacent batteries. In this section the space between adjacent batteries was changed from 3 mm to 8 mm.
The inlet mass flow rate was set as 0.001 kg·s -1 and the height of cooling plate was 5 cm. Fig. 4 (a) shows that the maximum temperature decreased and minimum temperature increased as the space between adjacent batteries was changed from 3 mm to 8 mm. In addition, the uniformity of temperature field was improved obviously. When the thickness of the cooling plate increased, the cross-sectional flow area of cooling water was increased and the velocity of inlet cooling water was decreased with the same mass flow rate. But the uniformity of velocity field was improved, which increased the mean temperature difference between cooling water and battery surface. As a result, both the maximum temperature and maximum temperature difference decreased. The Table 3 shows that as the space increased the pressure drop decreased obviously, which led to less energy consumption. When the space was 6mm, the pressure drop was under 5 Pa. And the pressure drop decreased 96% as space between adjacent batteries was changed from 3 mm to 8 mm. Larger space between adjacent batteries could decrease the energy density of pack but lead to lower temperature and pressure drop. Fig. 4 (b) shows the PCM exceeded melting point closed to the battery with different space between adjacent batteries. It can be seen that the volume fraction of PCM exceeded melting point decreased as the space between adjacent batteries increased as a result of more heat being moved by cooling water. In the module with PCM/water-cooling plate, the mass flow rate of cooling water is an important factor. In this section, eight types of inlet mass flow rate, which changed from 0.25×10 -3 kg·s -1 to 3×10 -3 kg·s -1 and a 5 cm cooling-plate was chosen to study its influence on cooling performance. The maximum temperature and minimum temperature is shown in Fig.5 (a) , as well as the maximum temperature difference. It indicates that the maximum temperature and minimum temperature of the pack decreased 4.04 K and 6 K, respectively, as the mass flow rate changed from 0.25×10 -3 kg·s -1 to 3×10 -3 kg·s -1
Effect of cooling water mass flow rate
. When inlet mass flow rate was higher than 1×10 -3 kg·s -1
, the maximum temperature was under 313 K (40 ℃) at the end of 2 C discharging, which was upper optimum working temperature. The higher the inlet mass flow rate was, the more maximum temperature decreased. However, the downtrend of maximum temperature decreased with the increase of inlet mass flow rate. The maximum temperature difference increased 9.83 K then decreased slowly. It indicates that it is very difficult to reduce the maximum temperature difference in the pack down to 5 K. As the velocity of cooling water increased, the heat transfer rate between cooling water and battery increased obviously. And the temperature rising of cooling water was reduced during the progress of heat transfer, which increased the mean temperature difference between the battery and the cooling water. The increasing of the heat transfer rate and mean temperature difference improved the cooling performance. As the mass flow rate of cooling water increased, the maximum temperature difference exceeded 5 K at 965 s, 771 s, 681 s, 641 s, 612 s, 614 s and 650 s respectively during the 2 C discharging progress.
The temperature distribution of battery with maximum temperature in the module at the end of the discharging was shown in Fig.5 (b) . The minimum temperature appeared at the battery surface close to the cooling water inlet. And the maximum temperature appeared at the center section close to the negative electrode, where the heat generation was high. As it is shown in the Fig.6 , the velocity of cooling water near the negative electrode was small, which decreased the cooling performance and increased the maximum temperature difference. It was hard to control the maximum temperature difference less than 5 K. Pressure drops under different mass flow rate are shown in Table 4 . When mass flow rate was changed from 0.25×10 -3 kg·s -1 to 3×10 -3 kg·s -1
, the pressure drop increased quickly. That is because the velocity of cooling water in cooling plate decreased, which increased the on-way resistance and local resistance. Higher mass flow rate will cause higher pressure drop but better temperature field. It is necessary to choose appropriate mass flow rate to keep the balance of energy consumption and cooling performance.
Effect of flow direction
The temperature near the electrode of the pouch battery is highest during the discharging. Compared to the temperature of negative electrode area, temperature of positive electrode area is higher. Flow direction of cooling water affects the temperature and its distribution. In this section, 6 cases with different flow directions were considered and simulated. The inlet mass flow rate is 1×10 -3 kg·s
, and the height of cooling plate is 5 cm. In the 6
cases, the setting of water inlets and outlets in adjacent cooling plate was different, as it was shown in Fig. 7 . The maximum temperature and minimum temperature versus different cases were shown in Fig.8 (a) , as well as the maximum temperature difference. Comparing the maximum temperature and maximum temperature difference of case 1 with case 3, it can be seen that inlet of cooling water on different sides made a better cooling performance.
In the case 1, the velocity of cooling water close to the positive electrode area was bigger than that close to the negative electrode area, as it is shown in the Fig.6 . The velocity difference made the difference of heat transfer rate, which affected the cooling performance of high generation area. Cooling water flowing into the gaps between adjacent batteries from different sides could decrease the heat transfer rate difference, which made lower maximum temperature and maximum temperature difference. Temperature distribution of battery in center section is shown in the Fig.8 (b) . The maximum temperature had little difference between case 1 and case 2, which was the same between case 4 and case 5. It indicates that inlet on positive side or negative side made no obvious difference.
Comparing case 3 with case 6 and comparing case 1 with case 4, it shows that setting higher inlet mad no obvious difference in maximum temperature but leaded to higher minimum temperature, which decreased the maximum temperature difference as a result.
Cooling water flowing into the gap between adjacent batteries with different direction made the heat transfer rate higher and more uniform in high generation area. The temperature uniformity was improved, which had a positive effect on safety and life of batteries. And the higher inlet can leaded to larger mean temperature difference.
Effect of thermal conductivity and melting point of PCM
(a) (b) As the thermal conductivity has small influence on the cooling performance in this system, there is no need to increase the thermal conductivity of PCM by foam metal or high thermal conductive additive, which increases the weight but decrease the latent heat of PCM. In order to research the effect of PCM melting point on the module under different environment temperature, we chose four kinds of PCM with different melting point as the environment temperature changed from 300 K to 315
K and the melting point of PCM was higher than the environment temperature. The temperature of cooling water and initial temperature of module were equal to the environment temperature. The simulated result was shown in Fig. 10 . When the melting point of PCM increased but the environment temperature was constant, the maximum temperature and the maximum temperature difference of module both increased. When the melting point of PCM was constant and the environment temperature increased, the maximum temperature of module increased and the maximum temperature difference decreased. The uniformity of temperature field was improved.
In order to improve the environmental suitability of module, increasing the melting point of PCM and decreasing the temperature of inlet cooling water properly was necessary. Continuous charge-discharge cycles would result in high temperature of module and even lead to thermal runaway, which was dangerous. We simulated the effect of PCM/water cooling plate on temperature controlling of module after 5 continuous charge-discharge cycles. Each charge-discharge cycles sustained 9000 s and consisted of a 0.5 C charging progress and a 2C discharging progress. The environment temperature was 300 K and the melting point of PCM was 313.2 K. Fig. 11 shown the temperature conditions of module without PCM/water cooling plate and module with PCM/water cooling plate after 5 continuous charge-discharge cycles.
Performance of preventing of thermal runaway
It shown that the maximum temperature of module without PCM/water cooling plate after 5 charge-discharge cycles exceeded 410 K, which would lead to liquation of membrane [29] . When the membrane liquated, the internal short-circuit would happen and the temperature rose further, which would lead to the thermal runaway of battery [30] . With the PCM/water cooling plate, the maximum temperature of module exceeded 310 K after first charge-discharge cycle. Compared with 2 C discharging progress, the heat generation of each region during 0.5 C charging progress was relatively balance. The maximum temperature of module decreased during the second charging progress as some heat was conducted from near-electrode area to low temperature region. After 2 continuous charge-discharge cycles the maximum temperature reached peak and changed periodically in the subsequent 3 cycles. And in this progress the latent heat of PCM came into play. In addition, the maximum temperature difference of module with PCM/water cooling plate staid at 13 K. While the maximum temperature difference of module without PCM/water cooling plate staid at 13K kept rising during all the 5 cycles.
PCM/water cooling plate could limit the maximum temperature effectively and improve the uniformity of temperature field during the 5 continuous charge-discharge cycles. As a result, it prevented the emergence of thermal runaway and increased the safety of module.
Conclusion
The PCM and water cooling plate were coupled together to improve the working performance of the lithium ion (1) The PCM/water cooling plate provided good cooling efficiency in controlling the lithium-ion battery module temperature. And the 5 cm high cooling plate made the best cooling performance. As the space between adjacent batteries increased, the maximum temperature shown little change but the temperature field got more uniform.
(2) Increasing inlet mass flow rate could reduce the maximum temperature and was more efficient than other methods. But the energy consumption was higher as the pressure drop rose quickly. The energy consumption could be reduced by increasing the space between adjacent batteries or the height of cooling plate. Higher inlet of cooling water would contribute to better cooling performance on high heat generation area, compared to that of high outlet.
(3) As the thermal conductivity has small influence on the cooling performance in this system, there is no need to increase the thermal conductivity of PCM by foam metal or high thermal conductive additive. In order to improve the environmental suitability of module, increasing the melting point of PCM and decreasing the temperature of inlet cooling water properly was necessary.
(4) The PCM/water cooling plate could limit the maximum temperature effectively and improve the uniformity of temperature field during the 5 continuous charge-discharge cycles. As a result, it prevented the emergence of thermal runaway and increased the safety of module. (b) Temperature of module with PCM/water cooling plate after 5 continuous charge-discharge cycles.
